Tuberous sclerosis complex (TSC) is an autosomal dominant disease caused by germline inactivating mutations of TSC1 or TSC2. In TSC-associated tumors of the brain, heart, skin, kidney and lung, inactivation of both alleles of TSC1 or TSC2 leads to hyperactivation of the mTORC1 pathway. The TSC/mTORC1 pathway is a key regulator of cellular processes related to growth, proliferation and autophagy. We and others have previously found that mTORC1 regulates microRNA biogenesis, but the mechanisms are not fully understood. Microprocessor, a multi-protein complex including the nuclease Drosha, processes the primary miR transcript. Using a dual-luciferase reporter, we found that inhibition of mTORC1 or downregulation of Raptor decreased Microprocessor activity, while loss of TSC2 led to a striking increase ($5-fold) in Microprocessor activity. To determine the global impact of TSC2 on microRNAs we quantitatively analyzed 752 microRNAs in Tsc2-expressing and Tsc2-deficient cells. Out of 259 microRNAs expressed in both cell lines, 137 were significantly upregulated and 24 were significantly downregulated in Tsc2-deficient cells, consistent with the increased Microprocessor activity. Microprocessor activity is known to be regulated in part by GSK3b. We found that total GSK3b levels were higher in Tsc2-deficient cells, and the increase in Microprocessor activity associated with Tsc2 loss was reversed by three different GSK3b inhibitors. Furthermore, mTOR inhibition increased the levels of phospho-GSK3b (S9), which negatively affects Microprocessor activity. Taken together these data reveal that TSC2 regulates microRNA biogenesis and Microprocessor activity via GSK3b.
Introduction
Tuberous sclerosis complex (TSC) is an autosomal dominant disorder characterized by benign tumors of the brain, heart, kidney and skin, as well as neurologic manifestations (seizures, autism and intellectual disability) and pulmonary lymphangioleiomyomatosis (LAM), a destructive cystic lung disease (1) . The TSC proteins, TSC1 (hamartin) and TSC2 (tuberin), form a complex with TBC1D7 to regulate the activity of the mammalian/mechanistic target of Rapamycin complex 1 (mTORC1) via Rheb, a small GTPase that is the target of TSC2's GTPase activating domain (2) . Activation of mTORC1 in TSC1-or TSC2-deficient cells leads to a decrease in autophagy and a cascade of catabolic processes, including increases in protein translation, lipid synthesis and nucleotide synthesis (3, 4) .
MicroRNAs (miRNA or miR) are small RNA molecules (around 22 nucleotides) with functions in most cellular pathways. In cancer, a global decrease in miR expression is often observed (5) (6) (7) . Each miR can regulate multiple genes, providing a mechanism through which complex cellular functions can be coordinated (8) . MicroRNA biogenesis is regulated at multiple steps. Microprocessor, a nuclear complex that includes the nuclease Drosha and its partner DGCR8, processes the primary miR transcript (pri-miR) to the precursor miR (pre-miR) by recognizing and cleaving at stem-loop structures in the pri-miR and cleaving at both the 5 0 and the 3 0 ends of the stem-loop (9) .
Microprocessor activity is known to be regulated by multiple mechanisms including Yap, which plays a role in cell density dependent regulation of Microprocessor activity and GSK3b, which binds directly to the Microprocessor complex and facilitates Microprocessor activity (10, 11) . We previously found that mTOR inhibition with Rapamycin impacts the levels of multiple miRs in TSC2-deficient LAM-patient derived cells, which we termed 'Rapa-miRs', including increases in pro-survival 'onco-miRs' (miR-21 and miR-29b) (12, 13) . These findings suggested that induction of oncogenic miR could be a mechanism underlying the partial responses observed when TSC-associated tumors are treated with mTOR inhibitors. To elucidate the mechanisms through which the TSC proteins regulate miR levels, we examined the activity of Microprocessor using a dual-luciferase reporter assay. Here, we report that Tsc2 loss increases Microprocessor activity whereas Rapamycin and Torin 1 decrease Microprocessor activity. A global analysis of the impact of Tsc2 on microRNA biogenesis revealed that 259 microRNAs were expressed in both Tsc2-expressing and Tsc2-deficient mouse embryonic fibroblasts (MEFs). Of these microRNAs, 137 were upregulated and 24 downregulated in Tsc2-deficienct cells. This is consistent with increased Microprocessor activity in Tsc2 deficient-cells. GSK3b protein levels (including the nuclear fraction) were higher in Tsc2-deficient cells, and treatment with a GSK3b inhibitor blocked Microprocessor activity. Furthermore, mTOR inhibition increased the levels of phospho-GSK3b (S9), which negatively affects Microprocessor activity (11) . Together these data point to a novel mechanism through which TSC2 and mTOR regulate miR biogenesis via GSK3b.
Results

Microprocessor activity is mTORC1 dependent
To determine whether mTORC1 regulates Microprocessor activity, we used HeLa cells stably expressing a Microprocessor reporter (10) . This dual activity reporter contains a portion of pri-miR-125b-1 that forms a stem-loop within the 3 0 UTR of the Renilla luciferase gene. Cleavage of this stem-loop destabilizes the Renilla luciferase mRNA resulting in decreased Renilla luminescence. The construct also contains the Firefly luciferase gene under a separate HSV-TK promoter. The Firefly luciferase mRNA is insensitive to Microprocessor activity, allowing for internal normalization of cell transfection. The level of Microprocessor activity is determined by the ratio of Firefly luminescence (the control) to Renilla luminescence (which is Microprocessor dependent), with the values positively correlating with the Microprocessor activity (10) . It has been previously shown that Microprocessor activity is cell density sensitive, via a Yap-dependent mechanism (10).
Therefore, in a 96-well plate, we plated HeLa cells stably transfected with Microprocessor reporter construct at two densities: 5000 cells/well in a 96-well plate 'lower density' and 10 000 cells/well 'higher density'. Crystal violet staining validated that the higher density had approximately 40% more cells/ well (Fig. 1A) . We confirmed the previous finding that Microprocessor activity is higher at higher cell densities (10), with a nearly 2-fold increase in the Firefly/Renilla luminescence ratio in the DMSO control cells at higher density (Fig. 1B) . Treatment with mTORC1 inhibitor, Rapamycin, decreased Microprocessor activity by $30% in the lower density condition (P < 0.001, Fig. 1B ) with no effect on the cells plated at higher density. Torin 1, an mTOR kinase inhibitor, which blocks both mTORC1 and mTORC2, decreased Microprocessor activity by $50% at lower cell density and by $40% at higher cell density (Fig. 1B) . These data confirm that Microprocessor activity is cell density sensitive and demonstrate for the first time that it is regulated by mTORC1.
To confirm that these results are specific to the nuclease activity of Microprocessor, we transiently expressed a construct that lacks the stem-loop (which is cleaved by Drosha) and compared it with the full-length construct including the stem-loop (pri-miR-125b-1 construct). Consistent with the data observed with the stably transfected cells, Rapamycin (an allosteric mTORC1 inhibitor) and Torin 1 (an mTOR catalytic inhibitor) decreased Microprocessor activity in the cells transiently expressing the pri-miR-125b-1 construct, with a greater effect at lower cell density settings. No effect of Rapamycin or Torin 1 was observed in cells expressing the control D-stem-loop construct, confirming that mTORC1 inhibition decreases miR processing by Microprocessor (Fig. 1C) .
To further confirm that mTORC1 regulates the Microprocessor activity, we introduced siRNA for Raptor, an essential component of mTORC1, in HeLa cells stably expressing the Microprocessor reporter construct. Downregulation of Raptor led to significant decrease in Microprocessor activity (Supplementary Material, Fig. S1A and B). We confirmed these results using MEFs with 4-Hydroxytamoxifen-inducible knockout of Raptor, in which Raptor knockout also decreased Microprocessor activity (Supplementary Material, Fig. S1C and D). Interestingly, siRNA downregulation of Rictor and Rictor-inducible knockdown also decreased Microprocessor activity (Supplementary Material, Fig. S1A-D) .
To define the kinetics of the Microprocessor activity regulation by mTORC1, we measured Microprocessor activity at 2, 8, and 24 h after Rapamycin and Torin 1 treatments, using the cells with stable expression of the dual luciferase reporter (primiR-125b-1). Both drugs decreased Microprocessor activity at 24 h, but not at earlier time points. Consistent with the prior data, Rapamycin decreased Microprocessor activity at lower cell density but not at higher cell density, while Torin 1 decreased Microprocessor activity at both lower and higher cell density, with a greater effect at lower cell density (Fig. 1D ).
Microprocessor activity is TSC2 dependent
To determine whether Microprocessor activity is regulated by TSC2, upstream of mTORC1, we used MEFs derived from Tsc2 flox/flox -Rosa26-CreERT2 mice. These MEFs were treated with either 4-Hydroxytamoxifen (4HT) to delete Tsc2 (Tsc2 KO MEFs) or with ethanol (EtOH) as control (Tsc2 WT MEFs). Western immunoblot confirmed the depletion of Tsc2 upon 4HT treatment ( Fig. 2A) . The dual-luciferase reporter was then transiently expressed in these cells. Microprocessor activity was almost 5-fold higher in the Tsc2-deficient cells (P < 0.001) at lower density and $2-fold higher at higher density (P < 0.01) (Fig. 2B) . Expression of the control D-stem-loop construct revealed no Tsc2-dependent difference in activity, as expected. Treatment of these Tsc2-deficient cells with Rapamycin did not significantly decrease Microprocessor activity, although there was a trend toward lower activity at the higher cell density. Treatment with Torin 1 decreased Microprocessor activity at both densities in the Tsc2-deficient cells, but had no effect on Microprocessor activity in the cells with wild-type Tsc2 expression levels.
In order to determine if the same phenomenon is observed in human cells, we used siRNA to downregulate TSC2 in HeLa cells stably expressing the Microprocessor activity construct (Fig. 2C ). As expected, TSC2 knockdown led to a significant (P < 0.001) increase in Microprocessor activity (Fig. 2D) . Significance was determined by Student's t-test, *P < 0.05, **P < 0.01, ***P < 0.001.
mTORC1 inhibition decreases levels of small RNA
To determine the functional impact of mTORC1 inhibition on the expression of small RNAs, we used a Qubit assay from Invitrogen, which allows for selective quantification of small RNA over large mRNA or rRNA. The assay uses a proprietary dye that generates fluorescence upon binding to small RNA. Control standards, with known RNA concentrations, were used for calibration. Treatment of the Tsc2-deficient MEFs (Tsc2 KO MEFs) reduced levels of small RNA by approximately 30% after Rapamycin treatment (P < 0.05) and 50% after Torin 1 treatment (P < 0.01). Similar trends were observed in TSC2 expressing cells (Tsc2 WT MEFs) (Fig. 3 ).
Drosha protein levels and nuclear localization are not affected by loss of TSC2 or rapamycin treatment
To identify the mechanism of the decreased Microprocessor activity, we first examined Drosha protein levels in stably transfected HeLa cells treated with Rapamycin or Torin 1. No change in Drosha protein was observed after 24 h of treatment with either Rapamycin or Torin 1, the time point at which we observed the decrease in Microprocessor activity ( Fig. 4A and B) . At 3 days, Torin 1 decreased Drosha protein levels by $30% (P < 0.01), but Rapamycin had no effect (Fig. 4C) . At 7 days, Torin 1 decreased Drosha levels by $20% and Rapamycin still had no effect, despite continued suppression of mTORC1 as evaluated by the phosphorylation of ribosomal protein S6 ( Fig. 4D and E) .
Because Drosha can shuttle between the cytoplasm and the nucleus (14-16), we also used cellular fractionation to investigate the effect of mTOR inhibition on nuclear localization of Drosha. No change in nuclear Drosha levels was observed with 24 h of Rapamycin or Torin 1 treatment (Fig. 4F) .
Drosha protein level and nuclear localization were also similar between Tsc2-expressing (Tsc2 WT MEFs) and Tsc2-deficient cells (Tsc2 KO MEFs) ( Fig. 4G and H, respectively) . Furthermore, treatment with Rapamycin or Torin 1 in these cells did not affect Drosha protein levels ( Fig. 2A) .
Because YAP regulates Microprocessor activity in a cell density-dependent manner (10), and has been previously shown to be upregulated in TSC2-deficient cells (17), we analyzed the protein level of YAP in Tsc2 WT and Tsc2-deficient MEFs. We observed a trend of higher level of YAP in Tsc2-deficient cells, but the results were not significant (Supplementary Material, Fig. S2 ). Furthermore, the nuclear level of YAP was not different in these conditions between Tsc2-expressing and Tsc2-deficient (D) Microprocessor activity in HeLa cells stably transfected with the full-length Microprocessor reporter construct after 48 h of siRNA for TSC2 or non-targeting control. Significance was determined by Student's t-test, *P < 0.05, **P < 0.01, ***P < 0.001. Figure 1A . Significance was determined by Student's t-test on three biological replicates, *P < 0.05, **P < 0.01.
MEFs (Fig. 4H) , leading us to conclude that YAP is unlikely to be mediating the effects of TSC2 on Microprocessor activity.
mTOR inhibition leads to a global decrease of microRNAs in Tsc2-deficient cells
To determine the global impact of TSC2 and mTOR on miR biogenesis, we quantitatively analyzed 752 miRs in Tsc2-deficient MEFs treated for 48 h with DMSO control or Torin 1 (250 nM) and Tsc2-expressing MEFs treated with DMSO control. We detected an average of 306 miRs per sample. Figure 5A shows a heat map of the top 50 differentially expressed microRNAs. Comparing Tsc2-expressing MEFs to Tsc2-deficient MEFs, out of 259 miRs that were expressed in both cell lines, 161 miRs were differentially expressed with an unadjusted P-value of 0.05 and 105 were differentially expressed using the Benjamini-Hochberg false discovery rate (FDR) correction. Of the 161 differentially expressed miRs using the P < 0.05, 137 were upregulated in Tsc2-deficient MEFs versus 24 downregulated in Tsc2-deficient MEFs (Fig. 5B left panel) . Overall, more miRs were upregulated in Tsc2-deficient cells, consistent with the elevated activity of Microprocessor in Tsc2-deficient cells observed in Figure 2 . Immunoblot analysis of cytoplasmic and nuclear fractions of Tsc2 WT MEFs and Tsc2 KO MEFs. GAPDH and CREB serve as controls for the cytoplasmic and nuclear fractions, respectively. Significance was determined by Student's t-test, *P < 0.05, **P < 0.01, ***P < 0.001.
In Tsc2-deficient cells treated with Torin 1 (250 nM, 48 h) versus DMSO control, 264 miRs were expressed. Of these, 105 were significantly different with a P-value <0.05 and 71 were differentially expressed after the FDR correction. Of the 105 differentially expressed miRs, 81 were upregulated by Torin 1 and 24 were downregulated (Fig. 5B right panel) .
GSK3b inhibition decreases Microprocessor activity in mTOR hyperactive cells
It was recently reported that GSK3b increases Microprocessor activity by direct interaction with DGCR8 and p72 in the presence of primary microRNA (11) . Phosphorylation of GSK3b by Akt or S6K1 at S9 negatively regulates the activity of GSK3b (18) . To determine if TSC2 regulates GSK3b in our cells, we analyzed protein levels of total GSK3b and phospho-GSK3b (S9) by immunoblot. Total GSK3b levels were higher in the Tsc2-deficient cells (Tsc2 KO MEFs) (Fig. 6A ). Rapamycin and Torin 1 increased phospho-GSK3b (S9) levels to a greater extent in the Tsc2-deficient MEFs than the Tsc2-expressing control MEFs (Tsc2 WT MEFs) (Fig. 6A) . Interestingly, GSK3b (S9) levels were higher in the Torin 1-treated cells compared with the Rapamycin treated cells, paralleling the greater impact of Torin 1 on Microprocessor activity, as shown in Figure 2B . Quantitative protein levels of phospho-GSK3b (S9) in Tsc2-deficient cells treated with DMSO control or Torin 1 are shown in Figure 6B . We also performed cytoplasmic and nuclear fractionation on the cells and found increased nuclear and cytoplasmic GSK3b in the Tsc2-deficient cells (Tsc2 KO MEFs) (Fig. 6C) .
To determine whether GSK3b regulates Microprocessor activity in Tsc2-deficient cells, we transiently expressed the dual luciferase reporter and treated the cells for 48 h with three GSK3b inhibitors: AR-A014418 (5 uM), CHIR99021 (2 uM) or lithium chloride (10 uM). Given that Microprocessor activity is sensitive to cell density (10) and the Tsc2-deficient cells are larger than the Tsc2-expressing cells, we plated twice as many cells per well of the Tsc2-expressing cells to achieve similar cell density. Importantly, the reporter construct contains the Firefly luciferase gene as an internal control of transfection efficiency. Again, as in Figure 2B , we observed increased Microprocessor activity in the Tsc2-deficient cells (approximately a 3-fold increase, P < 0.01, Fig. 6D ). All three inhibitors decreased Microprocessor activity in the Tsc2-deficient cells (Tsc2 KO MEFs) at 48 h by at least 2-fold, close to the level of Microprocessor activity in the Tsc2-expressing cells (Fig. 6D) . Interestingly, the GSK3b inhibitors had no significant effect on Microprocessor activity in the Tsc2-expressing MEFs (Fig. 6D) , and treatment of HeLa cells with CHIR99021 did not affect Microprocessor activity (Supplementary Material, Fig. S3 ). Since Akt regulates GSK3b activity (19), we also examined the impact of MK2206 (10 uM), an allosteric Akt inhibitor, on Microprocessor activity. MK2206 similarly inhibited Microprocessor activity in the Tsc2-deficient MEFs, but not in the Tsc2-expressing MEFs (Fig. 6D) .
Taken together these data suggest that the increased Microprocessor activity associated with TSC2 deficiency is mTOR and GSK3b dependent (Fig. 6E ).
Discussion
We have previously found that levels of some microRNAs are increased by treatment with Rapamycin for 24 h, including certain oncomiRs (miR-21 and miR-29), while levels of other microRNAs are decreased (12, 13) . To elucidate the mechanisms of this mTOR-dependent regulation of microRNA biosynthesis, we assayed the activity of Microprocessor, the multiprotein complex that includes Drosha (a type III RNAse) and DGCR8. Microprocessor cleaves the stem loop of pri-miRNA to form premiRNA via the nuclease activity of Drosha. We report here that Microprocessor activity is TSC2 and mTOR dependent. mTORC1 inhibition decreased Microprocessor activity by 30-50% in both human and mouse cells, and Tsc2-deficient cells were found to have 3-5 fold higher Microprocessor activity compared with Tsc2-expressing cells. mTORC1 is known to regulate a balance between multiple anabolic processes, including macromolecular synthesis, nucleotide synthesis and nutrient storage, and catabolic processes such as autophagy (3, 4) . These data indicate that mTORC1 also plays a critical role in regulating the processing of microRNA, with the potential for widespread impact on gene expression.
An important strength of the dual-luciferase reporter that we used to assay Microprocessor activity is the ability to control for transfection efficiency and other variables that may differ with cell density and/or mTORC1 activation. Our data (Fig. 1B) confirm the prior discovery that Microprocessor activity is cell density dependent. Because of this, our experiments were carefully controlled for cell density, with the strongest effects of Rapamycin on Microprocessor seen at lower cell density, while Torin 1 impacted Microprocessor activity at both lower and higher cell density. Furthermore, downregulation of Raptor, an essential component of mTORC1, decreased Microprocessor activity confirming the involvement of mTORC1 in the regulation of microRNA biogenesis (Supplementary Material, Fig. S1 ). Our data support a model in which increased GSK3b levels in Tsc2-deficient cells promotes Microprocessor activity (model, Fig. 6D ). GSK3b was recently found to bind DGCR8 and to phosphorylate Drosha (11, 20) . GSK3b levels were higher in our Tsc2-deficient MEFs, similarly to recent data from Cao et al., who found higher total levels of GSK3b in Tsc2-deficient melanocytes, with lower nuclear beta-catenin (21) . Previously, Mak et al. found that the TSC1/TSC2 complex physically interacts with GSK3b, and Flavin et al. and Mak et al. have shown that human TSC2-deficient tumors (including angiomyolipomas and LAM) have high levels of nuclear beta-catenin (22, 23) . We found that three different GSK3b-inhibitors decreased Microprocessor activity in Tsc2-deficient cells to approximately the level of activity in Tsc2-expressing cells.
Surprisingly, despite the striking effect of mTOR kinase activity inhibition with Torin 1 on Microprocessor activity (Fig. 1) , global analysis of microRNA showed that more miRs were upregulated than downregulated by Torin 1 treatment. The reasons for this apparently contrasting data are currently unknown. The timing of the microRNA analysis is one potential factor, since miRs are long lived (24) . Another possibility is that Torin 1 impacts multiple steps in microRNA biogenesis, in addition to Microprocessor activity, leading to a global increase in specific miRs. Finally, it is important to note that the global analysis of miRs assays relative levels of individual miRs, while our assay of small RNA did reveal a decrease in small RNA with Torin 1 treatment (Fig. 3B) ; therefore, it is possible that specific miRs are upregulated by Torin 1 while the total quantity of miRs is decreased. It is interesting that Rapamycin treatment of Tsc2 KO MEFs led to a decrease in small RNA, but does not decrease the activity of the Microprocessor reporter in Tsc2 KO MEFs (Fig. 2B) . Potential explanations for this include the possibility that other small RNAs may be impacted by Rapamycin, since small RNA includes miRNA as well as small nucleolarRNA, piwi-interacting RNA and others, and/or that Rapamycin regulates microRNA biogenesis via additional Microprocessor independent mechanisms. Further studies will be needed to address these hypotheses.
It was previously shown by Ye et al. that 4 days of Rapamycin treatment increases Drosha levels via the E3 ubiquitin ligase MDM2 in Tsc1-deficient MEFs (25) . In contrast, we found no change in Drosha levels upon Rapamycin treatment of Tsc2-deficient MEFs at 24 h, 3 days or 7 days. We also found no changes in MDM2 levels in our cells with Rapamycin treatment (data not shown), again in contrast to the prior work. The reasons for these differences are currently unclear, but could involve differences between Tsc1 and Tsc2-deficient cells, or differences in growth conditions since Microprocessor activity is clearly regulated by cell density (10) . We also note that Ye et al. did not measure Microprocessor activity.
Regulation of Microprocessor activity by cell density was previously shown to be YAP dependent. In low cell density YAP sequesters p72, a regulatory component, from the Microprocessor complex, and transfers it from the nucleus to the cytoplasm. At higher cell density Yap is retained in the cytoplasm, allowing p72 to bind to the Microprocessor and increase its activity (10) . Since Yap has also been shown to be upregulated in TSC1/TSC2-deficient cells due to impairment of autophagy (17), we considered the possibility that TSC2 regulates Microprocessor activity via YAP. However, in our cells we did not observe a significant TSC2-dependent or mTOR-dependent change in YAP total protein levels or nuclear localization. It remains possible that under different conditions, YAP may participate in the regulation of Microprocessor activity in TSC2-deficient cells.
Inhibition of mTOR kinase activity with Torin 1, which inhibits both mTORC1 and mTORC2, had a greater impact on Microprocessor activity than inhibition of mTORC1 with Rapamycin. This is consistent with our findings that both mTORC1 and mTORC2 inhibit Microprocessor activity, and with the fact that mTORC1 is only partially inhibited by Rapamycin (26, 27) .
GSK3b is known to be regulated by mTORC2 via Akt, where mTORC2 phosphorylates Akt at S473, which results in increased inhibitory phosphorylation of GSK3b at S9. Furthermore, mTORC1 has been implicated in regulation of GSK3b via Akt and S6K (18, 28) . We found that downregulation of Raptor increased phosphorylation of Akt (S473) and increased phosphorylation of GSK3b at S9, which is associated with GSK3b inhibition, suggesting that mTORC1 inhibition may be impacting Microprocessor activity via mTORC2.
In summary, our data position mTORC1 and mTORC2 as key regulators of Microprocessor activity and microRNA biogenesis, with broad implications for cell growth, tumorigenesis and cellular homeostasis. -Rosa26-CreERT2 embryos at E13-E14 and were treated with 4-hydroxytamoxifen (4HT) (Sigma) (2 uM for 1 week). Clones with knockout of Tsc2 (Tsc2 KO MEFs) were selected and cultured at 37 C in 5% CO 2 in DMEM containing 4.5 g/l glucose, pyruvate and glutamine supplemented with 10% FBS. Cells treated with ethanol were used as controls (Tsc2 WT MEFs). Cell lines were validated by immunoblot analysis for Tsc2 expression and phosphorylation of the ribosomal subunit S6 (235/236) in serum free conditions. HeLa cells stably expressing a Microprocessor reporter have been reported previously (10) . A construct that lacks the stem-loop (which is cleaved by Drosha) was transiently expressed using FuGENE 6 (Promega) or Lipofectamine 3000 (Invitrogen) and compared with the full-length construct including the stem-loop (pri-miR-125b-1 construct). MEFs with inducible knockdown of Raptor and Rictor were a gift from Michael Hall (29) . These MEFs were treated with 4HT (1 uM, 4 days of treatment) to knockdown Raptor or Rictor. Cells treated with ethanol were used as controls. Cell lines were validated by immunoblot analysis for Raptor, Rictor expression and phosphorylation of Akt and GSK3b. For all cell lines, MycoAlert (Lonza, Walkersville, MD) was used to detect mycoplasma contamination. Cells were retested every other month and were consistently negative for mycoplasma.
Materials and Methods
Cell lines and culture
Antibodies and drugs
The following antibodies were used: S6, P-S6 (S235/236), 4E-BP1, p-4E-BP1 (Thr47/46), Drosha, Akt, p-Akt (S-473), TSC2, GSK3b, pGSK3b (S9), YAP, GAPDH and CREB (all from Cell Signaling Technology) and b-actin (Sigma). Rapamycin was purchased from LC Laboratories and Torin 1 from Tocris. GSK3b inhibitors: AR-A014418, CHIR99021 and MK2206 were from Selleckchem, and lithium chloride was from Sigma.
Cell proliferation by crystal violet assay
Cells were seeded at 5000 or 10 000 cells/well in 96-well plates and processed with crystal violet (Sigma). Cells were fixed for 5 min with 10% formalin and then stained with 0.5% crystal violet diluted in distilled water for 20 min. Crystal violet was then removed and cells were washed with H 2 O. Plates were dried completely and crystal violet stain was solubilized using 100 ul of methanol and absorbance was read at 540 nm.
Microprocessor activity assay
Microprocessor activity using the dual-luciferase reporter was normalized to the control Firefly luciferase activity (10) . Luciferase assays were performed using the dual-luciferase reporter system (Promega).
Immunoblotting
For western blot analyses, cells were lysed in 1 Â RIPA (Cell Signaling Technology) containing protease and phosphatase inhibitors (Sigma). The lysates were normalized to protein concentration, resolved by electrophoresis on a 4-12% Bis-Tris gel (Invitrogen), and transferred to a PVDF membrane. Blots were blocked with 5% milk or bovine serum albumin (BSA), incubated with primary then secondary antibodies and chemiluminescence was visualized using Super Signal ECL reagent (Pierce) on SynGene G-BOX gel documenting system. Nuclear and cytoplasmic fractionation was performed using Cell Lytic TM NuCLEAR TM Extraction kit from Sigma.
Small-interfering RNA transfections
siRNA Smartpools targeting TSC2, Raptor, Rictor, GSK3b and nontargeting controls were obtained from Dharmacon (Lafayette, CO, USA) and used at 60 lM final concentration. Cells were transfected with Lipofectamine-RNAiMAX Reagent Invitrogen (Carlsbad, CA, USA) according to the manufacturer's protocol.
Small RNA assay
Tsc2 WT and KO MEFs were seeded on 6-well plates at lower density, as defined in Figure 1A . The cells were trypsinized and counted following Rapamycin (20 nM), Torin 1 (250 nM) or DMSO control treatments. A total of 300 000 cells were used for miRNA isolation using miRCURY TM RNA Isolation Kit (Exiqon), followed by Qubit measurement. Qubit microRNA assay kit (Molecular Probes) was used for quantification of small RNA.
microRNA expression profiling microRNAs were isolated using the miRCURY RNA Cell and Plant Isolation kit (Exiqon) from equal number of cells under various treatment conditions, then sent to Exiqon for real-time PCR panel analysis of microRNA. Each RNA sample was successfully reverse transcribed (RT) into cDNA and run on the miRCURY LNATM Universal RT microRNA PCR Mouse/Rat panel I þ II of 752 microRNAs using ExiLENT SYBR V R Green master mix.
All assays were inspected for distinct melting curves. Measurements of 5 Cq less than the negative control and with Cq < 37 were included in the data analysis. All data were normalized to the RNU5G (RNU5G Cq-Assay Cq).
Statistical analyses
Data are presented as the mean 6 standard deviation (SD). Normally distributed data were analyzed for statistical significance with Student's unpaired t-test. Statistical significance was defined as P < 0.05. For microRNA expression profiling t-test was performed and both raw P-values and q-values adjusted for multiple testing by the Benjamini-Hochberg correction were assessed. The normal distribution of the data was assessed by a Shapiro-Wilk normality test.
Supplementary Material
Supplementary Material is available at HMG online.
